Many nuclear receptors are capable of recognizing similar DNA elements. The molecular event(s) underlying the functional specificities of these receptors (in regulating the expression of their native target genes) is a very important issue that remains poorly understood. Here we report the cloning and analysis of a novel nuclear receptor coactivator (designated NRIF3) that exhibits a distinct receptor specificity. Fluorescence microscopy shows that NRIF3 localizes to the cell nucleus. The yeast two-hybrid and/or in vitro binding assays indicated that NRIF3 specifically interacts with the thyroid hormone receptor (TR) and retinoid X receptor (RXR) in a ligand-dependent fashion but does not bind to the retinoic acid receptor, vitamin D receptor, progesterone receptor, glucocorticoid receptor, or estrogen receptor. Functional experiments showed that NRIF3 significantly potentiates TR-and RXR-mediated transactivation in vivo but has little effect on other examined nuclear receptors. Domain and mutagenesis analyses indicated that a novel C-terminal domain in NRIF3 plays an essential role in its specific interaction with liganded TR and RXR while the N-terminal LXXLL motif plays a minor role in allowing optimum interaction. Computer modeling and subsequent experimental analysis suggested that the C-terminal domain of NRIF3 directly mediates interaction with liganded receptors through an LXXIL (a variant of the canonical LXXLL) module while the other part of the NRIF3 protein may still play a role in conferring its receptor specificity. Identification of a coactivator with such a unique receptor specificity may provide new insight into the molecular mechanism(s) of receptor-mediated transcriptional activation as well as the functional specificities of nuclear receptors.
Nuclear hormone receptors are ligand-regulated transcription factors that play diverse roles in cell growth, differentiation, development, and homeostasis. The nuclear receptor superfamily has been divided into two subfamilies: the steroid receptor family and the thyroid hormone/retinoid (nonsteroid) receptor family (51) . The steroid receptor family includes receptors for glucocorticoids (GR), mineralcorticoids, progestins (PRs), androgens (AR), and estrogens (ERs) (51) . The nonsteroid receptor family includes receptors for thyroid hormones (TRs), retinoids (retinoic acid receptors [RARs] and retinoid X receptors [RXRs]), 1,25-(OH) 2 -vitamin D (VDR), and prostanoids (peroxisome proliferator-activated receptors [PPARs] ) as well as many orphan receptors whose ligands (if any) remain to be defined (49, 51) . Members of the nuclear receptor superfamily have common structural and functional motifs. Nevertheless, an important difference exists between the two subfamilies. Steroid receptors act primarily as homodimers by binding to their cognate palindromic hormone response elements (HREs) (77, 78) . In contrast, members of the nonsteroid receptor family can bind to DNA as monomers, homodimers, and heterodimers (25, 78) . Their corresponding HREs are also complex and can be organized as direct repeats, inverted repeats, and everted repeats (49) . Therefore, the combination of heterodimerization and HRE complexity provides the potential of generating enormous diversity in receptormediated regulation of target gene expression.
Structural and functional studies indicate that the ligand binding domain (LBDs) of many members of the thyroid hormone/retinoid receptor family harbor diverse functions. In addition to binding to ligands, the LBD also plays roles in mediating receptor dimerization, hormone-dependent transactivation, and, with TR and RAR, ligand-relieved gene silencing (54, 61) . The carboxyl-terminal helix of the LBD has been implicated in playing an important role in ligand-dependent conformational changes and transactivation (6, 9, 21, 43) . Although it has been suggested that an activation function (AF-2) resides in this C-terminal helix, recent studies indicate that AF-2 results from a ligand-induced conformational change involving diverse areas of the LBD (23, 66) . Thus, ligand binding serves to switch the receptor from one functional state (e.g., inactive or silencing) to another (e.g., transactivation).
Although much has been learned from studying the structures and functions of these receptors, the detailed molecular mechanism(s) of transcriptional regulation by these receptors is not well understood. Efforts to understand the molecular mechanism of transcriptional repression by unliganded TRs and RARs have led to the description (12) and isolation of the putative corepressor proteins SMRT and N-CoR, which interact with the LBDs of these receptors in the absence of their ligands (15, 36) . The recent discovery that both SMRT and N-CoR form complexes with Sin3 and a histone deacetylase suggests that chromatin remodeling by histone deacetylation may play a role in receptor-mediated transcriptional repression (33, 55) .
In a somewhat parallel approach, the identification of coactivators has recently received extensive experimental attention in order to elucidate the molecular mechanism(s) of transcriptional activation by nuclear receptors (27) . Identified coactiva-tor proteins primarily belong to two groups: the SRC-1 family and the CREB-binding protein (CBP)/p300 family. The SRC-1 family includes SRC-1/NCoA-1 (37, 58, 74) and the related proteins GRIP1/TIF2/NCoA-2 (34, 35, 74, 79) and AIB1/p/ CIP/ACTR/RAC3/TRAM-1 (2, 14, 44, 73, 74) . The second group of coactivators includes CBP and its homolog p300, which not only influence the activities of nuclear receptors (13, 31, 37) but also functionally interact with many transcription factors such as CREB (3, 16, 40, 46) , the Stats (10, 87), AP1 (4, 7) , and p53 (28, 45) . There are also coactivator proteins that do not belong to these two groups, such as ARA70 (85) , PGC-1 (60) , and the recently reported RNA coactivator SRA (41) . Members of both the SRC-1 family and CBP/p300 family have been shown to possess histone acetyltransferase activities (8, 14, 57, 69) , suggesting that chromatin remodeling by histone acetylation is an important mechanism involved in transcriptional activation by ligand-bound nuclear receptors.
Interaction of members of the SRC-1 and CBP/p300 families with nuclear receptors occurs through conserved LXXLL motifs (32) , which interact with a hydrophobic cleft in the receptor LBD formed as a result of conformational changes mediated by ligand binding (19, 23, 56) . SRC-1/NCoA-1 and GRIP1/ TIF2 contain three LXXLL regions or boxes (referred to as LXDs or nuclear receptor boxes) that differentially interact with nuclear receptors so that different nuclear receptors functionally utilize different LXXLL boxes (19, 52) . Thus, ER uses the second LXXLL box of SRC-1/NCoA-1 while PR uses both the first and second LXXLL boxes for optimal interaction. In contrast, TR and RAR require both the second and third LXXLL boxes for optimal interaction (52) . The specificities of receptor recognition by the different LXXLL boxes of SRC-1/ NCoA-1 are primarily mediated by 8 amino acid residues C terminal to the LXXLL motif rather than by the 2 amino acids (XX) within the motif itself. Thus, while members of the SRC-1 family are capable of interacting with many nuclear receptors, the molecular details of such interactions differ for each receptor in the number or combination of LXXLL boxes used as well as in the critical amino acid residues surrounding the LXXLL motifs.
While much has been learned from the study of known coactivators, a number of key mechanistic questions remain to be answered. For example, many nuclear receptors can recognize common DNA elements, (25, 49, 51) , while not all are capable of regulating genes containing those elements (20, 47, 65) . Thus, how native target genes containing such elements are selectively regulated by specific receptors is a very important but poorly understood problem. Although the various LXXLL boxes of SRC-1 and GRIP1 show differential receptor preference (19, 52) , these coactivators are unlikely to play a primary role in mediating effects that are receptor specific since they appear to interact with all ligand-bound nuclear hormone receptors. Thus, the detailed molecular mechanism(s) underlying receptor-specific regulation of gene expression remains to be elucidated. Whether a coactivator(s) contributes to this specificity is currently unknown.
To further our understanding of the molecular events underlying receptor-activated transcription, we sought to identify additional coactivators using a yeast two-hybrid screening strategy (29) . In this paper, we report the isolation of a novel coactivator for nuclear receptors, designated NRIF3 (for nuclear receptor-interacting factor 3). Fluorescence microscopy indicates that NRIF3 is a nuclear protein. The yeast two-hybrid and in vitro binding assays revealed that NRIF3 interacts specifically with TR and RXR in a ligand-dependent fashion but does not interact with other examined nuclear receptors. Transfection experiments indicated that NRIF3 selectively potentiates TR-and RXR-mediated transactivation in vivo. The NRIF3 gene encodes a small protein of 177 amino acids and, other than having an N-terminal LXXLL motif, has no homology with known coactivator genes. The results of a combination of computer modeling and domain and mutagenesis analyses suggest that NRIF3 interacts with nuclear receptors through its C-terminal domain that contains a novel LXXIL module while another part of NRIF3 may contribute to its observed receptor specificity. These findings may provide novel insight into the molecular mechanism(s) of receptor-mediated transcriptional activation as well as the functional specificities of nuclear receptors.
MATERIALS AND METHODS
Isolation of NRIFs and the yeast two-hybrid assay. The Brent two-hybrid system (29) was employed to isolate candidate cDNA clones interacting with LexA-TR␣ in a ligand-dependent fashion. Full-length chicken TR␣ (cTR␣) was fused in frame to the C terminus of the LexA DNA binding domain (DBD) in pEG202 (29) . The LexA-TR␣ bait, the LacZ reporter (pSH18-34), and a pJG4-5-based HeLa cell cDNA library were transformed into the yeast strain EGY48 (29) . The transformants were selected on Gal-Raf-X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) medium in the absence of leucine and were further screened for the expression of LacZ in the presence of 1 M T3. Blue colonies were picked and reexamined for T3-dependent expression of LacZ. Positive yeast clones were then selected, and plasmids harboring candidate prey cDNAs were isolated. An individual candidate prey plasmid was then amplified in Escherichia coli and retransformed into the original yeast strain to confirm the interaction phenotype. The cDNA inserts were then sequenced with an automatic sequencer. Four novel clones (NRIF1, -2, -3, and -4) were obtained. Among them, NRIF3 was a full-length clone.
Wild-type NRIF3, the ␤3-endonexin long form (EnL) and short form (EnS), and the L9A NRIF3 mutant protein were examined for their interaction with various nuclear receptors in a yeast two-hybrid assay. The following receptor baits were used: the LexA-cTR␣ LBD, LexA-human TR␤ (hTR␤) LBD, LexAhRAR␣ LBD, LexA-hRXR␣ LBD, and LexA-hGR LBD. The NRIF3 C-terminal domain (NCD) was fused in frame with the LexA DBD and examined for interaction with receptor LBDs with the following preys: the B42-cTR␣ LBD, B42-hRAR␣ LBD, and B42-hRXR␣ LBD expressed from pJG4-5. Yeast cells harboring appropriate plasmids were grown in selective media with Gal-Raf in the presence or absence of cognate ligand (1 M T3 for TR, all trans or 9-cis RA for RAR, 9-cis RA for RXR, and 10 M deoxycorticosterone for GR) overnight before ␤-galactosidase activity was assayed with o-nitrophenyl ␤-D-galactopyranoside as the substrate. ␤-Galactosidase units were calculated with the formula (OD 420 ϫ 1,000)/(minutes of incubation ϫ OD 600 of yeast suspension), where OD 420 and OD 600 are the optical densities at 420 and 600 nm, respectively.
Fluorescence microscopy. Full-length NRIF3 was cloned into the green fluorescent protein (GFP) fusion protein expression vector pEGFP (Clontech). The resulting GFP-NRIF3 vector and the control plasmid pEGFP were transfected into HeLa cells by calcium phosphate coprecipitation. Cells were incubated at 37°C for 24 h before the examination with a fluorescence microscope to determine the subcellular location of GFP-NRIF3 or the GFP control.
In vitro binding assay. Full-length NRIF3 was cloned into pGEX2T, a bacterial glutathione S-transferase (GST) fusion protein expression vector (Pharmacia). The GST-NRIF3 fusion protein was expressed in E. coli and affinity purified with glutathione-agarose beads (30) . 35 S-labeled full-length cTR␣, hRAR␣, hRXR␣, hVDR, hGR, hPR, and hER were generated by in vitro transcription and translation with a reticulocyte lysate system (Promega). Binding was performed as previously described (30) with the following buffer: 20 mM HEPES (pH 7.9)-1 mM MgCl 2 -1 mM dithiothreitol-10% glycerol-0.05% Triton X-100-1 M ZnCl 2 -150 mM KCl. Appropriate ligands were added into the binding reaction mixture where indicated in the figures in the following concentrations: 1 M T3 for TR, 1 M all-trans RA or 9-cis RA for RAR, 1 M 9-cis RA for RXR, and 150 nM 1,25-(OH) 2 -vitamin D 3 , dexamethasone, progesterone, or estradiol for VDR, GR, PR, or ER, respectively. After the binding reaction, the beads were washed three times and the labeled receptors bound to the beads were examined by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis followed by autoradiography. Five percent of the 35 S-labeled receptor input was also electrophoresed in the same gel.
Transfection studies. Most reporters used in this study, including IR-⌬MTV-CAT, DR4-⌬MTV-CAT, GH-TRE-tk-CAT, and IRϩ3 (ERE)-⌬MTV-CAT, have been described previously (5, 25, 78) . A DR1-⌬MTV-CAT reporter responsive to RXR was obtained from Ron Evans. A GRE/PRE-tk-CAT reporter was obtained from Gunther Schutz. (IR)2-TATA-CAT was constructed in our laboratory by cloning two copies of the inverted-repeat (IR) sequence (AGG TCA TGACCT) upstream of a TATA element derived from the thymidine kinase (tk) promoter. An hVDR expression vector and VDRE-⌬MTV-CAT containing the VDRE from the osteocalcin promoter were obtained from J. Wesley Pike. Vectors expressing cTR␣, hRAR␣, hRXR␣, rat GR (rGR), hPR, and hER have been described previously (17, 25, 26, 50, 53, 81) . The NRIF3 expression vector was constructed by cloning full-length NRIF3 into a pExpress vector (25) . Appropriate plasmids were transfected into HeLa cells by calcium phosphate coprecipitation with 25 to 100 ng of the receptors, 250 to 500 ng of the chloramphenicol acetytransferase (CAT) reporters, and 750 ng of the NRIF3 or control pExpress vector. After transfection, cells were incubated at 37°C (with or without cognate ligands) for 42 h before being harvested. CAT assays were carried out as previously described (30) . Relative CAT activity was determined as the percent acetylation of the substrate per 30 g of cell protein in a 15-h incubation at 37°C. The results were calculated from duplicate or quadruplicate samples, and the variation among samples was less than 10%.
Domain and mutagenesis analyses. To construct pJG4-5-derived vectors expressing EnL or EnS, the pJG4-5/NRIF3 plasmid was digested with NcoI and XhoI and the resulting vector fragment was gel purified. This fragment was then ligated to an EnL or EnS insert generated from pExpress-EnL or pExpress-EnS by NcoI/SalI double digestion. The resulting pJG4-5/EnL or pJG4-5/EnS plasmid was confirmed by sequence analysis. The L9A mutant form of NRIF3 was generated by site-directed mutagenesis by a PCR-based method, and the mutation was confirmed by sequence analysis. pJG4-5-derived vectors expressing EnL, EnS, or the L9A NRIF3 mutant form were transformed into yeast strains harboring the LacZ reporter (pSH18-34) and appropriate bait plasmids (LexA-TR, LexA-RAR, LexA-RXR, and LexA-GR). Transformants were subjected to quantitative assays of ␤-galactosidase activity as described above.
To construct the bait plasmid expressing LexA-NCD, a derivative of pEG202 (which contains a new polylinker) was digested with NcoI and XhoI and ligated to synthetic oligonucleotides that encode the last 16 amino acids of NRIF3 (residues 162 to 177). Similarly, the mutant NCD was generated by using oligonucleotides that contain the designed mutations in the ligation reaction. Both constructs were confirmed by sequence analysis. Bait plasmids expressing LexA-NCD or LexA-mutant NCD were transformed together with one of the following prey plasmids, B42-TR LBD, B42-RXR LBD, or B42-RAR LBD, into the yeast strain that harbors the LacZ reporter (pSH18-34). Subsequent two-hybrid assays were carried out as described above.
Docking of coactivator peptides to receptors. We built a model of the interaction between the 17-residue C-terminal peptide of NRIF3 (KASRHLDSYE FLKAILN) and the LBDs of several receptors (TR␣ was used as an example in the experiment reflected in Fig. 10 ). An LXXIL motif within the NRIF3 peptide is underlined. A similar modeling procedure was carried out on a 20-residue peptide (SLTERHKILHRLLQEGSPSD) of the second LXXLL box of SRC-1 (52) . We hypothesized that the LXXIL motif of the C terminus of NRIF3 contacts the coactivator binding site of the nuclear receptors, and the automatic docking procedure was carried out towards this site (71, 75, 76) . Two critical features of the interaction between the LBDs of nuclear hormone receptors and their coactivators were used to build the models. (i) One was the "charge clamp," initially observed in the complex between SRC-1 and PPAR␥ (56) , where a conserved glutamate and lysine at opposite ends of the hydrophobic cavity of the receptors contact the backbone of the coactivator's LXXLL box. This feature enabled us to orient the NRIF3 helical peptide. (ii) The other feature was that the leucines of the LXXLL motif of SRC-1 are buried in the hydrophobic cavity of the receptor. This feature allowed us to predict the side of the NRIF3 peptide which faces the receptor.
The coactivator peptides were assigned a helical secondary structure, the backbone and angles being Ϫ62 and Ϫ41 degrees, respectively. The angle was set to 180 degrees. Loose distance restraints were set between the charge clamp of the receptors (56) and C ␣ atoms of the peptide. The energy of the complex was minimized in the internal coordinate space by using the modified ECEPP/3 potentials. The subset of the variables minimized by the ICM method (1, 71, 76) included the side chains of the receptor, six positional variables of the helix, and the side chain torsion angles of the helix.
Binding energy calculation. The binding energy was calculated by the partitioning method as described elsewhere (64) . Briefly, the binding energy function is partitioned into three terms: the surface (or hydrophobic) term, determined as the product of the solvent-accessible surface by a surface tension of 30 cal/mol/ Å 2 ; the electrostatic term, calculated by a boundary element algorithm, with a dielectric constant of 8; and the entropic term, which results from the decrease in conformational freedom of residue side chains partially or completely buried upon complexation.
RESULTS
Cloning of NRIF3 cDNA. To isolate potential coactivators mediating the transcriptional activation functions of nuclear receptors, we employed a yeast two-hybrid screening strategy (29) . A bait expressing a full-length TR␣ fused to the C terminus of the LexA DBD was used to screen a HeLa cell cDNA library cloned into pJG4-5 (29) . Candidate clones that exhibited a thyroid hormone (T3)-dependent interaction with LexA-TR␣ were selected and further examined and sequenced. Four novel clones were identified, and all were found to exhibit levels of interaction with the LBD of TR␣ similar to the levels they exhibited with the full-length receptor (data not shown). These clones were designated NRIF1, -2, -3, and -4. Not surprisingly, the LBD of TR␤ was also found to interact with these NRIFs in a T3-dependent manner (data not shown). Among these four isolated NRIFs, NRIF3 was a full-length clone. As shown in Fig. 1 , LexA alone (negative control) did not interact with NRIF3 (as indicated by the low ␤-galactosidase activity) and incubation with T3 had no effect. Similarly, no interaction was detected between the LexA-TR LBD and B42 alone with or without T3 (data not shown). The LexA-TR LBD also showed little interaction with NRIF3 in the absence of T3. However, incubation with T3 resulted in strong stimulation of the NRIF3-TR LBD interaction (Fig. 1) . The extent of T3-dependent interaction between NRIF3 and the LexA-TR LBD was similar to that of Trip1 (Fig. 1) , one of the first TRinteracting factors cloned in a two-hybrid screen (42) .
Sequence analysis of NRIF3. Sequence analysis of the NRIF3 cDNA revealed a single open reading frame encoding a polypeptide of 177 amino acids (Fig. 2) . NRIF3 has no homology with members of the SRC-1 and CBP/p300 families. The size of NRIF3 is in sharp contrast to the size of CBP/p300 (around 300 kDa) or of SRC-1 family members (around 160 kDa). NRIF3 contains a putative nuclear localization signal (KRKK), as well as one copy of an LXXLL motif (amino acids 9 to 13) that was recently identified as being essential for the interaction of a number of putative coactivators with nuclear receptors (32) .
A database search identified two highly related homologs of NRIF3, which were previously designated ␤3-endonexin short and long forms (67) . The endonexin short form (EnS) was originally isolated from a two-hybrid screen intended to clone factors that interact with the cytoplasmic tail of integrin ␤3 (67). The long form (EnL) was then identified as an alternatively spliced product of the same gene. However, the long form does not bind to integrin ␤3 (67) . Nucleotide sequence comparisons between cDNAs of NRIF3 and EnS or EnL indicate that NRIF3 is a third alternatively spliced product of the same gene (alignment not shown). The precise function(s) of the two endonexin proteins is under investigation (reference 66a and see Discussion). Induction of ␤-galactosidase activity by thyroid hormone (T3) was measured in the yeast strain EGY48 transformed with a bait vector expressing the LexAcTR␣ LBD and a prey plasmid expressing NRIF3 fused to the B42 activation domain (29) . The bait LexA alone was used as the negative control. The prey B42-Trip1 was used as the positive control. Hatched bars, without T3; filled bars, with 1 M T3.
NRIF3 localizes to the cell nucleus. Although a putative nuclear localization signal was found in NRIF3, we considered it important to identify the subcellular location of the NRIF3 protein since extensive homology was found between NRIF3 and the two endonexins. The entire NRIF3 open reading frame was fused to the C terminus of GFP (18) . The resulting GFP-NRIF3 fusion protein was expressed in HeLa cells by transient transfection, and the subcellular location of the fusion protein was visualized by fluorescence microscopy. As shown in Fig. 3 , the control GFP protein distributed throughout the cell while GFP-NRIF3 localized exclusively to the nucleus. This result suggests that NRIF3 is a nuclear protein, which is compatible with its putative role as a nuclear receptor coactivator.
Selective interaction of NRIF3 with liganded nuclear receptors in yeast. Although NRIF3 was originally cloned with fulllength TR␣ as the bait, we later identified that the region of the receptor responsible for NRIF3 binding is its LBD (Fig. 1) . A common feature among most of the known coactivators that show ligand-dependent interaction with nuclear receptors is the presence of the LXXLL motif(s) in their receptor interaction domains. The LXXLL motif appears to be involved in direct contact with a structurally conserved surface in the ligand-bound LBDs of the receptors (23) , which may provide the molecular basis for the broad spectrum of receptor binding by coactivators such as SRC-1 and GRIP1. Since a putative LXXLL motif is also present in NRIF3 (amino acids 9 to 13), we asked whether NRIF3 also interacts with the LBDs of other nuclear receptors.
The LBDs of several nuclear receptors were examined for interaction with NRIF3 in a yeast two-hybrid assay. As shown in Table 1 , NRIF3 does not interact with LexA alone (negative control) with or without ligand. LexA-TR and LexA-RXR showed little (if any) interaction with NRIF3 in the absence of their cognate ligands. However, the presence of T3 (for TR) or 9-cis RA (for RXR) resulted in a strong stimulation of their interaction with NRIF3, as indicated by the induction of ␤-galactosidase activity (Table 1) . Interestingly, when LexA-RAR or LexA-GR was used as the bait, no interaction was detected with NRIF3 in the presence or absence of their cognate ligands ( Table 1 ). The finding that NRIF3 interacts with TR but not RAR was surprising in light of a recent study which showed that TR and RAR functionally interact with the same LXXLL boxes (boxes 2 and 3) of SRC-1/NCoA-1 (52) . As positive controls, we confirmed that both LexA-RAR and LexA-GR exhibited ligand-dependent interaction with other coactivators that are not receptor specific (data not shown). Taken together, these results suggest that NRIF3 exhibits differential specificities in its interactions with different nuclear receptors.
NRIF3 specifically binds to TR and RXR but not to other nuclear receptors in vitro. To further examine the interaction between NRIF3 and various nuclear receptors as well as to confirm the potential receptor specificity of NRIF3, in vitro GST binding assays were performed (30) . 35 S-labeled nuclear receptor, generated by in vitro transcription and translation, was incubated with purified GST-NRIF3 or the GST control bound to glutathione-agarose beads. All binding assays were carried out with or without the cognate ligand of the examined receptor. As shown in Fig. 4 (top left), TR and NRIF3 interact poorly in the absence of T3. Addition of T3 resulted in a strong increase in TR binding to GST-NRIF3, confirming that NRIF3 associates with TR in a T3-dependent manner. Using similar binding assays, we also studied the interaction of NRIF3 with six other nuclear receptors. Consistent with our findings from the yeast two-hybrid experiments (Table 1) , NRIF3 interacted with RXR in vitro in a ligand-dependent manner (Fig. 4) but showed little or no binding to other nuclear receptors (RAR, VDR, GR, PR, and ER) in the presence or absence of their cognate ligands (Fig. 4) . Taken together, the results of the yeast two-hybrid (Table 1 ) and the in vitro binding (Fig. 4) assays suggest that NRIF3 possesses a distinct receptor specificity.
NRIF3 selectively potentiates TR-and RXR-mediated transactivation in vivo. To examine the potential role of NRIF3 in TR-mediated transactivation, transfection studies were carried out. HeLa cells, which lack endogenous TR (25), were transfected with a vector expressing TR and a CAT reporter under the control of the ⌬MTV basal promoter linked to an idealized IR (AGGTCATGACCT) TRE sequence (IR-⌬MTV-CAT) (25) , along with either a control plasmid or a vector expressing NRIF3. As shown in Fig. 5A , NRIF3 significantly enhances TR-mediated activation of the CAT reporter (typically 2.5-to 3-fold). As a control, we also examined the effect of CBP, a reported coactivator for nuclear receptors (13, 37) , and found that its expression results in a degree of enhancement similar to that with NRIF3 (around threefold) (Fig. 5A) .
We also examined another CAT reporter controlled by the herpesvirus tk promoter linked to native rat growth hormone TRE sequences (5). NRIF3 was found to also enhance TRmediated activation of this reporter (about 3.5-fold) (Fig. 5B ).
In addition, using similar transfection assays, we found that NRIF3 enhances TR-mediated activation of two other reporters, (IR)2-TATA-CAT and DR4-⌬MTV-CAT (data not shown). Therefore, NRIF3 potentiates TR-mediated transactivation in a variety of different TRE and promoter contexts. Taken together, the results of these transfection studies suggest that NRIF3 can function as a coactivator of TR.
To examine whether NRIF3 can also act as a coactivator for RXR, HeLa cells were transfected with the IR-⌬MTV-CAT reporter, whose IR sequence can also function as a strong response element for the RXR(s) and RAR(s) (25, 49, 61) . HeLa cells express the endogenous RXR(s) and RAR(s), as the activity of the IR-⌬MTV-CAT reporter was strongly stimulated by their cognate ligands, even without cotransfection of any receptor expression plasmid (Fig. 6A, bars 1, 3, and 5 ).
FIG. 4. Characterization of the NRIF3 interaction with nuclear receptors in vitro.
A 35 S-labeled full-length receptor (cTR␣, hRAR␣, hRXR␣, hVDR, hPR, hGR, or hER) was incubated with an affinity-purified GST control or GST-NRIF3 linked to glutathione-agarose beads. The binding was performed in the absence (Ϫ) or presence (ϩ) of cognate ligands as described in Materials and Methods. After incubation and washing, the bound receptors were analyzed by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and detected by autoradiography. The input lane in each binding assay represents 5% of the total 35 S-labeled receptor used in each incubation. GST-RXR was used as a positive control for RAR binding.
FIG. 5. NRIF3 enhances TR-mediated transactivation in vivo. HeLa cells were transfected with a vector expressing cTR␣ and the IR-⌬MTV-CAT reporter (A)
or the GH-TRE-tk-CAT reporter (B) in the presence (filled bars) or the absence (hatched bars) of 1 M T3. The vector expressing NRIF3 or the empty control vector was cotransfected to examine the effect of NRIF3 on TR-mediated activation. In panel A, the effect of CBP was compared to that of NRIF3. GH, growth hormone.
Cotransfection of NRIF3 enhanced the activation of this reporter by either 9-cis RA, or LG100153 (72), an RXR-specific ligand (Fig. 6A, bars 1 and 2 and bars 3 and 4) . In contrast, although the RAR-specific ligand TTNPB (68) also activated the IR-⌬MTV-CAT reporter, cotransfection of NRIF3 had no effect (Fig. 6A, bars 5 and 6 ). These results indicate that NRIF3 potentiates the activity of the endogenous RXR(s) but not the RAR(s), which is consistent with the distinct receptor specificity of NRIF3 revealed from the yeast two-hybrid assay (Table 1 ) and in vitro binding experiments (Fig. 4) .
To further document that NRIF3 can function as a coactivator for RXR, a vector expressing exogenous RXR was cotransfected with IR-⌬MTV-CAT. Exogenous RXR expression enhanced the activation of this CAT reporter by either 9-cis RA or LG100153 (compare Fig. 6A and B, bars 1 and 3) . This RXR-mediated activation of reporter expression was further stimulated by NRIF3 (Fig. 6B) . Finally, we also examined the activation of a DR1-⌬MTV-CAT reporter. This DR1 (AGGT CANAGGTCA [where N is any nucleotide]) sequence is thought to be a specific response element for RXR (39, 51) . Although we found that this DR1 is a weaker response element than the IR sequence, cotransfection of an RXR expression vector led to ligand-induced activation of this DR1 reporter, which was also further enhanced by NRIF3 (Fig. 6C) .
NRIF3 does not potentiate the activities of GR, PR, ER, and VDR in vivo.
The selective coactivation of TR and RXR (but not RAR) by NRIF3 is consistent with its distinct binding specificities to these receptors. To further establish that NRIF3 acts as a receptor-specific coactivator, we next examined the effect of NRIF3 on the activities of four additional nuclear receptors, including GR, PR, ER, and VDR, by transfection experiments. HeLa cells were transfected with a GRE/PREtk-CAT reporter along with a vector expressing either GR or PR. As shown in Fig. 7A , cognate hormone treatment results in activation of the CAT reporter. However, expression of NRIF3 has little effect (Fig. 7A) . Similar experiments were carried out with ER and ERE-⌬MTV-CAT or VDR and VDRE-⌬MTV-CAT. As shown in Fig. 7B and C, NRIF3 was found to have little or no effect on the activities of these receptors as well. Taken together, the combined results of our transfection studies support the notion that NRIF3 is a coactivator with a unique receptor specificity.
A novel C-terminal domain in NRIF3 is essential for liganddependent interactions with TR and RXR. The LXXLL signature motif has been found to be present in the receptorinteracting domains of many identified coactivators, such as SRC-1/NCoA-1 and GRIP1/TIF-2 (32). The broad spectrum of receptor binding by coactivators such as SRC-1 suggests that the LXXLL-containing interacting domain may recognize structurally similar surfaces of these LBDs. Indeed, recent structural and functional studies revealed that the LXXLL motif and its nearby flanking amino acids are involved in direct contact with a hydrophobic cleft of the target surfaces presented by the ligand-bound LBDs of nuclear receptors (19, 23, 52, 56) . The facts that NRIF3 also contains an LXXLL motif (amino acids 9 to 13) ( Fig. 2 and 8A ) and exhibits a distinct receptor specificity raise the possibility that (i) the motif and surrounding amino acids are involved in mediating receptorspecific interaction of NRIF3 or (ii) another region of NRIF3 (alone or in concert with the LXXLL motif region) plays an important role in mediating such an interaction.
To explore these issues, we examined whether EnS and EnL, which contain the same LXXLL motif and flanking amino acids as NRIF3, can interact with nuclear receptors in a yeast two-hybrid assay (Fig. 8) . EnS consists of 111 amino acids and is 100% identical to the first 111 residues of NRIF3, while EnL consists of 170 amino acids, the first 161 of which are also 100% identical to the same region in NRIF3 (Fig. 2 legend and  Fig. 8A ). Thus, NRIF3 and EnL differ only in their C termini, with NRIF3 having a unique region of 16 amino acids and EnL having a unique region of 9 amino acids (Fig. 8A) . Interestingly, despite their extensive identity with NRIF3, the interaction with liganded TR or RXR is completely abolished in EnS and EnL (Fig. 8B) . We also examined other nuclear receptors that do not interact with NRIF3 and found that they also do not interact with EnS or EnL (data not shown). These results indicate that the unique C-terminal domain in NRIF3 (NCD) (residues 162 to 177) is essential for its specific interaction with liganded TR and RXR while the N-terminal LXXLL motif (amino acids 9 to 13) and its flanking sequences are not sufficient to allow for detectable receptor interactions.
Although the LXXLL motif was found to be insufficient for interaction, we examined whether this N-terminal motif of NRIF3 contributes to the NRIF3-receptor interaction by mutating the first leucine of the LXXLL motif into alanine (L9A) by site-directed mutagenesis. Previous experiments have shown that the three leucine residues are essential for an LXXLL module to interact with receptor LBDs and that the replacement of any of them with alanine abolishes the interaction (32) . We examined the L9A NRIF3 mutant form for its interaction with TR and RXR in a yeast two-hybrid assay. As shown in Fig. 9 , the L9A mutant was still capable of liganddependent interaction with TR and RXR (ϳ25-fold induction by ligand). However, the introduced mutation reduced the interaction by about 4-fold (for TR) or 14-fold (for RXR). These results suggest that although the LXXLL motif is not absolutely essential for NRIF3 interaction with liganded receptors, it plays a role in allowing an optimum interaction to occur.
Computer modeling suggests that the NCD docks into the hydrophobic cleft of the liganded LBDs. Secondary-structure analysis of the C-terminal domain of NRIF3 predicted the formation of an ␣-helix. Moreover, inspection of the putative C-terminal helix revealed an LXXIL motif (amino acids 172 to 176), which is reminiscent of the canonical LXXLL. Although the ultimate elucidation of the molecular basis of the NRIF3- receptor interaction awaits future studies such as X-ray crystallography, the putative helix structure of the NCD and its LXXIL motif suggest that the NCD may interact with the liganded LBDs in a fashion similar to that of the receptorinteracting domains that employ the canonical LXXLL motif(s). To explore this possibility, we modeled the interaction of the C terminus of NRIF3 with the liganded LBDs, using algorithms developed mainly by the staff of the laboratory of one of the authors (R. Abagyan and coworkers) (1, 63, 70, 74, 75) . The background information and procedures used for constructing these models are described in Materials and Methods. The results of our modeling suggest that the NCD fits well into the hydrophobic cleft formed on the LBDs as a result of ligand binding. An example of such a model (NCD-TR LBD) is shown in Fig. 10 . In this model, the two leucines and one isoleucine of the LXXIL motif are predicted to be deeply buried in the central cavity of the hydrophobic groove formed by the liganded LBD of the receptor. We also calculated the putative binding energy for the modeled NCD-TR complex, using an improved partitioning binding energy function, with continuum representation of the electrostatics of the system (64). The calculated binding energy for the modeled NCD-TR complex is about Ϫ21 kcal/mol. As a control, we carried out a similar modeling procedure using the second LXXLL box within the receptor-interacting domain of SRC-1. This LXXLL box has been shown to be required for interaction with TR (52). Our calculated binding energy for this LXXLL box with liganded TR LBD is Ϫ18 kcal/mol, a value that is very close to the one calculated for the NCD. Altogether, our modeling and calculations suggest a mechanism in which the NCD directly mediates interaction with liganded LBDs through an LXXIL motif.
Functional interaction of the NCD with liganded LBDs and the essential role of its LXXIL motif. To explore the possibility suggested from our computer modeling, the NCD (amino acids 162 to 177) was fused to the LexA DNA binding domain and was examined for interaction with the receptor LBDs in a yeast two-hybrid assay. The LexA-NCD fusion protein alone does not activate the LacZ reporter in yeast (data not shown). As a negative control, we also found that LexA-NCD does not interact with the B42 activation domain itself (Fig. 11) and that LexA alone does not interact with the receptor LBDs (data not shown). However, when the LexA-NCD and the LBD of TR or RXR (fused with B42) were used in the two-hybrid assay, a strong ligand-dependent interaction was observed, as indicated by the induction of ␤-galactosidase activity by their cognate   FIG. 9 . The LXXLL motif of NRIF3 is required for optimum interaction with TR and RXR. Wild-type NRIF3 (WT) or the L9A NRIF3 mutant (L9A) was examined for interaction with LexA-TR or LexA-RXR in a yeast two-hybrid assay as described in Materials and Methods. ␤-Galactosidase activities were determined in the absence (filled bars) or presence (stippled bars) of cognate ligands (1 M T3 for TR; 1 M 9-cis RA for RXR). ligands (Fig. 11) . These results suggest that the NCD can directly interact with the LBDs of TR and RXR in a liganddependent manner.
Since NRIF3 harbors a distinct receptor specificity in interacting only with TR and RXR and not other receptors (e.g., RAR), we next asked whether the NCD also harbors a receptor specificity. To our surprise, the NCD was found to interact efficiently with the LBD of RAR in a ligand-dependent manner (Fig. 11) . Therefore, while our results clearly suggest that the NCD is an important surface for receptor interactions, as the NCD is found to be both essential for (Fig. 8 ) and sufficient to mediate (Fig. 11) such interactions, it nevertheless does not appear to be (solely) responsible for the receptor specificity of NRIF3. It is possible that another region of the NRIF3 molecule contributes to the observed receptor specificity of NRIF3 and/or that the specificity is determined by the overall threedimensional structure of NRIF3.
Since our model predicts the importance of the LXXIL motif in the NCD-receptor interaction (Fig. 10) , we tested this by changing the three core residues of the motif (two leucines and one isoleucine) into alanines. As expected, interaction with the LBDs is completely abolished in the resulting mutant NCD (Fig. 11) , confirming that the LXXIL motif is essential for the interaction.
DISCUSSION
Recent efforts in understanding receptor-mediated transcription have led to the identification of a number of coactivators for nuclear hormone receptors, which can be categorized into two main groups based on overall homology, the SRC-1 family (including SRC-1/NCoA-1, TIF2/GRIP1/ NCoA-2, and AIB1/p/CIP/ACTR/RAC3/TRAM-1) (2, 14, 34, 35, 37, 44, 58, 73, 74, 79) and the CBP/p300 family (13, 31, 37) . Other putative coactivators (e.g., ARA70 and PGC-1) that do not belong to the SRC-1 or CBP/p300 family have also been identified (60, 85) . In addition, p/CAF may also be involved in receptor action through its association with nuclear receptors as well as with other coactivators (11, 14, 38, 83) . Among these known coactivators, CBP/p300, members of the SRC-1 group, and p/CAF all possess histone acetyltransferase activities (8, 14, 57, 69, 83) .
In this study we report the identification of a novel nuclear protein (NRIF3) which exhibits specific ligand-dependent interactions with TR and RXR but not with RAR, VDR, GR, PR, or ER. Functional experiments indicated that NRIF3 potentiates TR-and RXR-mediated transactivation in vivo but exhibits little or no effect on the activities of other examined receptors. Therefore, NRIF3 represents a novel coactivator with a distinct receptor specificity and, thus, may shed light on clarifying the molecular mechanism(s) underlying receptorspecific regulation of gene expression.
A database search indicated that NRIF3 has no homology with any known coactivators except in a single LXXLL motif. An unusual feature of NRIF3 is its relatively small size, which is in sharp contrast to the sizes of SRC-1 and CBP/p300. A homology search identified two alternatively spliced isoforms of NRIF3 which were previously designated ␤3-endonexin short and long forms (67) . Preliminary studies with these two endonexins indicate that, like NRIF3, they localize to the cell nucleus (43a, 66a) . Interestingly, despite their extensive identities with NRIF3, both EnS and EnL fail to exhibit interaction with liganded nuclear receptors (Fig. 8) . Consistent with this finding, we found that EnS and EnL have little effect on receptor-mediated transcription in transfection experiments (data not shown). Therefore, the precise roles of these two endonexins remain to be elucidated. We suggest two not mutually exclusive possibilities. First, since both EnL and EnS appear to localize to the nucleus, it is possible that they act as cofactors for other transcriptional regulators. Second, since the EnS can interact with the cytoplasmic tail of ␤3-integrin (22, 67) , it may communicate signals generated at the plasma membrane to the cell nucleus. An example of a protein which is involved in both cell adhesion and transcriptional regulation is ␤-catenin (82) .
Previous study of the endonexins identified the presence of NRIF3-related mRNAs (by Northern blotting) in a wide range of human tissues (67) . Because NRIF3 and EnL contain almost identical nucleotide sequences and differ only by an alternative splice site which results in the removal of a small exon in NRIF3, it is difficult to specifically identify NRIF3 mRNA by Northern blotting. A search of the expressed sequence tag database indicates that NRIF3 mRNA, as well as both EnL and EnS mRNAs, is expressed. However, the precise determination of cell and tissue distribution of NRIF3, EnS, and EnL will require the development of highly selective antibodies. Nevertheless, the wide expression pattern of NRIF3-related mRNAs is consistent with the role of NRIF3 as a coactivator of the TRs, which are also widely expressed (70), or the RXRs, which are ubiquitously expressed (48) .
A key goal concerning the action of nuclear hormone receptors is to understand the molecular events underlying the functional specificities of different receptors in regulating the expression of their target genes. Determinants of specificity include specific ligand binding and selective binding of the receptors to their cognate response elements, as well as specific expression patterns of different receptors. These determinants alone, however, are not always sufficient to explain the extents of specificity observed for members of the nuclear receptor family. For example, several members of the thyroid hormone/ retinoid receptor subfamily may bind similarly to common DNA elements while target genes containing those elements are only selectively activated by certain receptors (20, 47) . Therefore, it is likely that additional factors (determined by cell and promoter contexts) are involved in determining receptor functional specificity. In this respect, most known coactivators do not appear to be receptor specific. For example, members of the SRC-1 and CBP/p300 families interact with and appear to be involved in the actions of many nuclear receptors (13, 14, 34, 37) . Two known coactivators that may be involved in receptor-specific functions are ARA70 and PGC-1. The AR coactivator ARA70 has been reported to potentiate the activity of AR more efficiently than it does the activities of other nuclear receptors (85) . However, whether ARA70 can associate with other receptors remains to be thoroughly examined. The expression of PGC-1 is restricted mainly to the brown fat tissue and is thought to be directly involved in the regulation of thermogenesis by PPAR␥ (60) . Nevertheless, PGC-1 exhibits a relatively broad spectrum of binding to different nuclear receptors. Therefore, the identification of NRIF3 represents the first example of a coactivator with such a clearly defined receptor specificity.
The receptor specificity of NRIF3 raises an interesting question about its molecular mechanism. Domain analysis suggests that the LXXLL motif (amino acids 9 to 13) and its flanking sequences in NRIF3 are not sufficient for interaction with liganded nuclear receptors. In fact, such interaction is completely abolished in EnL, an alternatively spliced product which has the same LXXLL motif and contains the first 161 amino acids (of a total of 177 amino acids) of NRIF3. This result suggests that a putative domain consisting of the last 16 amino acids of NRIF3 (residues 162 to 177) is essential for its interaction with liganded receptors. Inspection of this NCD indicates that it contains an LXXIL motif (amino acids 172 to 176), and secondary-structure analysis predicts the formation of an ␣-helix. The predicted helix structure and the similarity of LXXIL to the canonical LXXLL raise the possibility that this LXXIL-containing region plays a direct role in NRIF3-receptor interactions.
Our modeling of the NCD-LBD interaction (Fig. 10) suggests that the same hydrophobic groove in the ligand-bound LBD, which has been shown by previous studies to be the binding site for coactivators such as SRC-1/NCoA-1 and GRIP1 (19, 23, 56) , may also be a suitable site for the docking of the C-terminal helix of NRIF3. Thus, the utilization of the complementary pair of an ␣-helix (in the coactivator) and a hydrophobic groove (in the receptor) for interaction seems to be a general scheme that also applies to NRIF3. The binding energy estimated for the NCD and the TR LBD (Ϫ21 kcal/ mol) is similar to the value calculated for the second LXXLL box of SRC-1/NCoA-1 and the TR LBD (Ϫ18 kcal/mol). To explore the mechanisms suggested by the modeling, we found that the NCD can directly mediate interaction with the LBDs in a ligand-dependent manner (Fig. 11) . Moreover, the LXXIL motif contained in the NCD was found to be essential for such interactions (Fig. 11) . In summary, the results of a combination of a computer modeling and domain and mutagenesis analyses clearly suggest that the NCD is an important surface that is directly involved in interaction with the LBDs of the receptors, where the LXXIL motif of the NCD mimics the function of a canonical LXXLL. The AF-2 helix (which is a critical constituent of the hydrophobic groove formed upon ligand binding) of the LBD has been shown to be important for interaction with the LXXLL boxes of the coactivators (23) . Interestingly, we have examined two TR AF-2 mutants (66) and found that in both cases, ligand-dependent interaction with NRIF3 was abolished (43a).
However, the NCD alone does not appear to harbor the same specificity as NRIF3 (Fig. 11) . Thus, it seems likely that another part of the NRIF3 molecule contributes to the observed specificity and/or that the specificity is determined by the overall three-dimensional structure of NRIF3. In this regard, the potential role of the N-terminal LXXLL motif is intriguing. Although the N-terminal LXXLL motif (amino acids 9 to 13) is insufficient alone to mediate an interaction with TR or RXR (Fig. 8) , it can influence the interaction of NRIF3 with these receptors, as the L9A NRIF3 mutant retains a significant but nevertheless reduced level of association with liganded TR or RXR (Fig. 9) . Thus, NRIF3 appears to employ at least two regions in interacting with liganded TR or RXR, with the NCD playing an essential role and the N-terminal LXXLL motif playing a secondary role. A simplified explanation for these findings is that the NCD provides a major surface for receptor binding while the N-terminal LXXLL motif makes some minor contact with either the same receptor molecule or, more likely, with the other partner of a homodimer or heterodimer to further stabilize the NRIF3-receptor interaction. An example of a coactivator molecule employing two separate regions to interact with the two partners of a receptor dimer has been documented for the recently solved crystal structure of liganded PPAR␥ complexed with SRC-1/NCoA-1 (56) . If NRIF3 indeed employs both its NCD and its N-terminal LXXLL motif in receptor interactions, the specificity may result from the intramolecular dialog between the two regions as well as the intermolecular dialog among NRIF3 and the receptors. However, it remains possible that the N-terminal LXXLL plays only a more indirect role and that the overall three-dimensional structure of NRIF3 is responsible for its observed specificity.
Accumulating evidence suggests that the actions of transcriptional activating proteins are (usually) mediated by multiprotein complexes (59) , and such a scheme is also likely for nuclear receptors. For example, biochemical evidence suggests that multiprotein complexes associate with liganded TR and VDR (24, 62, 86) . Interestingly, many of the proteins identified in these studies are not known coactivators. While the study of known coactivators such as CBP/p300 and members of the SRC-1 family has suggested that histone acetylation may play an important role in receptor-mediated transactivation (8, 14, 57, 69) , detailed elucidation of the transactivation mechanism(s) used by these receptors awaits the identification and study of additional cofactors involved in the transactivation process.
Our results with NRIF3 suggest that transcriptional activation by nuclear receptors may employ a receptor-specific coactivator(s) in addition to the generally used coactivators such as CBP and SRC-1. Therefore, coactivators with NRIF3-like properties may contribute to the functional specificities of nuclear receptors in vivo. Based on our results with NRIF3 and the results of previous studies of nuclear receptor action, we suggest a combinatorial specificity model where a coactivation complex is likely composed of two kinds of factors: general factors that interact with and are involved in the action of many nuclear receptors (such as CBP and SRC-1) and specific factors that exhibit receptor specificity (such as NRIF3). In addition to interacting with the liganded receptor, coactivators may also communicate with each other within the coactivation complex through protein-protein interactions (e.g., CBP/p300 can interact with SRC-1/NCoA-1 or p/CIP) (37, 74, 84 ). An intriguing possibility is that the combinatorial actions of specific factors and other partners involved in the transactivation process facilitate the recruitment of specific coactivation complexes for different receptors (under different cell, promoter, and HRE contexts), which would provide an important mechanistic layer for receptor functional specificity. An advantage of employing such a combinatorial strategy is that a broad array of diversity can be generated from a relatively small number of involved factors. Further study of NRIF3 with known and possibly other yet to be identified coactivators, as well as analysis of the interplay among these coactivators, should provide important insights into the molecular mechanism(s) underlying the specificity of receptor-mediated regulation of target gene expression.
